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INTRODUCTION 

In  direct coal liquefaction, the principal objective i s  to  s tahi l ize  the molecular 
fragments generated by the thermal degradation of coal. 
achieved by capping the coal-derived free radicals with hydrogen. 
t h i s  requires that hydrogen i s  provided a t  a ra te  and in a form compatible 
with the demand established by the thermal reaction of the coal. 

Although the ultimate source of hydrogen i s  hydrogen gas, the most effect ive 
route f o r  hydrogen t ransfer  i s  by way of the liquefaction solvent. Hydrogen 
i s  supplied most readily from hydro en donor compounds which generally are  
replenished by ca ta ly t ic  reactions ?ei ther  externally o r  internally). I n  the 
absence of an adequate concentration of active donors, f ree  radicals can be 
stabilized by other reactions between solvent components and coal (1) .  

Extensive studies have been carried o u t  in this  laboratory t o  examine the 
mechanisms of coal liquefaction in both donor and non-donor solvents. 
ultimate aims of this  research are  t o  provide means of identifying and 
controlling the optimal recycle solvent composition in a given process. 

In  ear l ier  reported work ( 2 )  certain polycondensed aromatics were identified 
as effective non-donor coal solvents. These compounds react with molecular 
hydrogen during coal 1 iquefaction forming low concentrations of active donors, 
in situ. 
addition, i t  i s  considered that the a b i l i t y  of these components to  effectively 
disperse the coal 1 iquefaction products a lso contributes t o  the i r  efficacy. 

I t  i s  recognized t h a t  the  study of single model compounds, while affording 
useful information, does no t  take into consideration the more complex 
situation in a real solvent where solvent-solvent interactions undoubtedly 
occur (1). As a f i r s t  approach to  th i s  problem, the previous studies have 
been extended t o  investigate coal conversion in a binary solvent system con- 
sisting of a conventional donor ( t e t r a l i n )  and polycondensed aromatics. The 
results o f  these investigations are  presented below. 

EXPEXIMENTAL PROCEDURE 

Experiments were conducted with bituminous (Monterey) and sub-bituminous 
(Belle Ayr) coals. The coals were prepared from 1-2" diameter lumps which 
had been stored under an argon atmosphere (without d r y i n g )  in a refrigerated 
room since sampled from the mine. The lumps were crushed and sieved t o  minus 
100 mesh in a glove bag under flowing argon. When suffic'ient sample had been 
ground, i t  was thoroughly mixed and then sealed in small vials ,  s t i l l  under 
argon. A different  v i a l  was used for  each experiment, the required quantity 
Of  Coal beinq weiohed from a newly opened vial and the remainder discarded. 
Analyses of the prepared coals are shown in Table 1.  

The conversions were carried out in  a small s t i r red  autoclave which has been 
described in detail elsewhere (1). Essentially th i s  i s  a reactor of a b o u t  
12 cc. capacity heated by a close f i t t i n g  e lec t r ic  furnace. Agitation i s  
provided through the movement of an osci l la t ing plunger which i s  driven by 
an electromagnet. A re lat ively large free volume above the reactor i s  

Preferably, th i s  i s  
In t u r n ,  

The 

The process can be catalyzed by coal mineral matter components. In 
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kept cold which ac ts  
isobaric conditions. 

as a gas reservoir a1 1 owing operation under vi r tua l ly  

The reactor was loaded with a mixture of solvent and coal in the ra t io  of 
3:1 on a dry coal basis. After pressurizing the reactor, tho system was 
heated t o  the desired temperature with agitation. 
reaction temperature was an additional 30 minutes. Reproducibility of 
temperature prof i les  was good as were the calculated conversions. 
Sets of repeated experiments showed a variation of less  than 2 3% i n  conversion. 

A t  the end of the reaction, a quantity of tetrahydrofuran (THF) was injected 
into the reactor while s t i l l  under pressure following which i t  was quenched 
using an ice/water bath. 
the removal o f  the solid reaction products (e.g. when pyrene was the solvent) 
from the reactor. 

After venting, the reactor contents were removed in  more THF and transferred 
t o  a Soxhlet extraction thimble where they were continuously extracted in 
THF for 18-24 hrs under argon. 
the insoluble residue. 

The soluble products were analyzed by gas chromatography and GC/MS. 

The time required to  reach 

Several 

The objective of injecting THF was t o  f a c i l i t a t e  

Conversions were calculated on the basis o f  

RESULTS AND DISCUSSION 

Experiments were carried out to investigate the dissolution of Belle Ayr and 
Monterey coals in mixtures of pyrene with te t ra l in  and 2-methylnaphthalene 
with te t ra l in .  The effects  of donor concentration, gas atmosphere and hydrogen 
pressure on coal conversion and hydrogen transfer from te t ra l in  were determined. 
In addition, some experiments were conducted t o  examine the reactions between 
pyrene, te t ra l in  and hydrogen gas. 

Coal ConVersions 

Conversion t o  THF soluble products and gases i s  shown as a function of 
te t ra l in  concentration for  Belle Ayr and  Monterey coals in Figures 1 and 2 
respectively. The reactions were carried out a t  4OO0C for  1 hr under 1000 
psiy gas  presyure. On the two figures, data are presented showing conversions 
in pyrene-tetralin mixtures both  in argon and in  hydrogen and, for  comparison, 
in 2-methylnaphthalene-tetra1 in mixtures in the presence of hydrogen. 

For both  coals, the conversion in the absence of a donor was enhanced by the 
presence of gaseous hydrogen. As has been shown ( 2 ) ,  the conversion obtained 
i n  pyrene i s  higher than in a less  condensed compound such as 2-methylnaphthalene 
and i t s  effectiveness as a solvent i s  related t o  the formation of dihydropyrene 
during liquefaction. 

With reference t o  Figure 1 ,  the effect of adding ‘ te t ra l in  up to  about  8 wt% 
appeared t o  have l i t t l e  effect  on conversion in the three systems shown. 
Further increase in the donor concentration was accompanied by increasing 
conversion which reached a limiting value of about  85% a t  t e t ra l in  concentrations 
of about 70% and above. A t  the high donor levels, the conversion was not  
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apparent ly  a f f e c t e d  by  t h e  n a t u r e  o f  t h e  o t h e r  component o r  by  t h e  gas 
ztmosphere. The major  d i f f e r e n c e s  between t h e  s o l v e n t  systems a r e  e v i d e n t  
a t  t e t r a l i n  c o n c e n t r a t i o n s  between 8-70%. 

From the  F i g u r e  i t  is apparent  t h a t  hydrogen gas i s  b e n e f i c i a l .  However, 
a t  a g iven  t e t r a l i n  l e v e l  methylnaphthalene based s o l v e n t s . w i t h  h drogen 
show o n l y  a modest improvement over pyrene based s o l v e n t s  w i t h o u t  gydrogen. 
I n  marked c o n t r a s t  pyrene based so lvents  respond d r a m a t i c a l l y  t o  hydrogen 
pressure and a t  o n l y  30% t e t r a l i n ,  t h e  blended s o l v e n t  i s  almost as e f f e c t i v e  
as 100% t e t r a l i n .  

The same genera l  e f f e c t s  a r e  observed f o r  t h e  convers ion  o f  blonterey coa l ,  
F igure  2. 
t h e  conversion i n  2-methylnaphthalene shows approx imate ly  p r o p o r t i o n a l  
dependence on t e t r a l i n  c o n c e n t r a t i o n  whereas i n  the  pyrene- te t ra1  in -H 
system t h e r e  i s  aga in  a major inc rease i n  conversion w i t h  as l i t t l e  a% 15% 
t e t r a l i n .  

It has p r e v i o u s l y  been r e p o r t e d  t h a t  t h e  presence o f  mo lecu la r  hydrogen 
can increase coa l  c o n v e r s i o n  i n  so lvents  wh ich  have l o w  donor c a p a c i t y  (3) .  
The data presented here c o n f i r m  these f i n d i n g s  and a l so  demonstrate t h a t  
t h e  e f f e c t  o f  hydrogen gas i s  i cpendent  upon t h e  chemical s t r u c t u r e  o f  t h e  
o t h e r  compounds resent .  I n  p a r t i c u l a r ,  t h e  combinat ion o f  a polycondensed 
aromat ic (pyreney w i t h  a donor i n  the  presence o f  hydrogen behaves s y n e r g i s t i c a l l y  
w i th  r e s p e c t  t o  c o a l  convers ion .  

I n  t h i s  ins tance,  t h e  two l o w e r  curves a re  n o t  p a r a l l e l .  However, 

E f f e c t  o f  Hydrogen Pressure  

The i n f l u e n c e  of hydrogen pressure  on t h e  convers ion  o f  t h e  two c o a l s  i s  
shown as a f u n c t i o n  o f  donor c o n c e n t r a t i o n  i n  Figure  3. 
examined were 1000 and 1800 ps ig .  

There was n o  apparent e f f e c t  due t o  hydrogen pressure,  over t h i s  range, f o r  
t h e  conversion o f  B e l l e  A y r  coa l .  However, w i t h  Monterey coa l ,  t h e  e f f e c t  
o f  i n c r e a s i n g  p r e s s u r e  was t o  inc rease t h e  conversions i n  pure pyrene and t o  
some ex ten t ,  i n  p y r e n e - t e t r a l i n  m i x t u r e s  t o  t h a t  ob ta ined i n  pure t e t r a l i n .  
From the  s t a n d p o i n t  o f  max imiz ing  convers ion  o f  Monterey coal ,  a t  h igh  hydrogen 
Pressure, t h e r e  is  l i t t l e  b e n e f i t  t o  be d e r i v e d  from t h e  a d d i t i o n  o f  t e t r a l i n .  
T h i s  i s  n o t  t o  s t a t e  t h a t  t h e  q u a l i t y  o f  t h e  l i q u e f i e d  produc ts  i s  independent 
o f  donor c o n c e n t r a t i o n .  

The e f f e c t s  o f  hydrogen pressure  d u r i n g  coa l  convers ion  have been r e p o r t e d  
f o r  t he  Exxon EDS process  when o p e r a t i n g  i n  a mode where vacuum tower  bottoms 
were r e c y c l e d  (4).  
p r o p o r t i o n  o f  polycondensed aromat ics and compounds w i t h  s i m i l a r  chemis t ry .  
It was found t h a t  i n c r e a s i n g  t h e  hydrogen pressure  f rom 1500 t o  2500 p s i g  
gave improved convers ion  and improved s e l e c t i v i t y  t o  l i g h t e r  p roduc ts  f o r  a 
range o f  c o a l s  i n c l u d i n !  ones s i m i l a r  t o  those rP?nrted h e w .  

The d i f f e r e n t  responses o f  t h e  two c o a l s  s t u d i e d  here may be p a r t l y  a t t r i b u t a b l e  
t o  d i f f e r e n c e s  i n  t h e i r  r e s p e c t i v e  minera l  m a t t e r  composi t ions.  I t  has been 

The pressures 

Such a r e c y c l e  stream would be expected t o  c o n t a i n  a 



reported t h a t  the hydrogenatioii o f  pyrene Fs related t o  t l i e  coal py r i t i c  
iron content ( 2 )  which i s  much higher for  Lhe illonterey coal. 

Hydroqen Transfer 

I t  i s  coirmonly known t h a t  the 
hydrogen consumed in tile proce . IJndcr given reaction condit 
quantity of hydroqeii required i ndependeiit of solvent compos 
any given time, the majority of Iiydrogen i s  :upplied hy the hiost l ab i l e  
source. 

I t  may be assuined that ,  in the systems described, t e t r a l in  i s  the preferred 
hydrogen source. 
by t e t r a l in  dehydrogenation was calculated, correction being oiade fo r  isonieriza- 
t i o n  t o  niethylindsn. system, 
less hydrogen was made available by t e i r a l in  c!ehyd?ogenation thag in pure 
te-tral in for  a coiiip:rable conversion level.  
in the mixed solvents, i t  does n o t  appear t h a t  tl:e arliouni: of t e t r a l in  was a 
limiting fcc'ior since i t s  dehydrogenation t o  naphthalene was always l e s s  
than 40%. Supportifin this contention ea r l i e r  stud.ies (1)  have Sl iOWt i  t h a t  a 
variation of tetrali i i  concentration froiii 4 to 43 ~ / t %  in Nonterey coal conversion, 
resulted in siniilzr conversions b u t  with torr-sponding tetra1 in dehydrogenations 
of 86 t o  8% respectively. 

The relat ive effect  of the otiier solvent cociponent a n d  the ?as atniosphere on 
hydro(jen transfer from t c t r a l in  i s  siioiif i  i n  I-iqiire 4 f o r  bo th  coals 2 t  a 
selected level of  oiivcrsion. I n  these c i p l e s ,  the te t ra l i t i  conccnLration 
differs  since, as iiotwn o n  Figure 1 2 !le required coi?ceiitration to  a t ta in  
a particular conversion i s  dependent upon the other Systelil co%ponents. 
be secn t h a t  the  requircd donor capacity ,:or coil1 conversion i s  depelident 
upon the nature o f  the coal and o: the other co::?ponents pre.;cnt. 
cation i s  that  there i s  cnnsidcrabie potc-ntial for  economy in donor cnnsuniption 
by judicisus control o f  t l i l t  solvent coiiiposition. 

From the previous ~ o r k  with pyrene alone ( 2 )  i t  sccnis probable t h a t  the 
reduced hydrogen transfer from t e t r a l in  i s  due t o  p a r t  of tlie hydro9r.n deniand 
being met by the traiisrer of moleculdr hydrogen t o  the coal th rough  the 
forination of dihydropyrene. Such a rl chdnisrn i s  n o t  as wadi;: available 
with 2-methyltiapiitiialene as i t  i s  iiiore d i f f i cu l t  to.reduce with hydrogen. 
There was no evidence of the presence of 2-rnethyltetralIn in the reaction 
products where 2-methylnaphthalene was used as a solvent component. 

tent  of coal conversion i s  related t o  the 

For  each experiment, the m o u n t  of hydrogen made aviii lable 

I t  was found t l i a t  in the pyrene-tetralin-H 

Rt 1os:cr te t ra1 in concentrations 

I t  can 

The impli- 

Thermal Reaction of Pyreiie a n d  Tetralin _____ .__F_.___---- ___ 

Some experiiiients were conducted t o  investigate the reactions between pyrene, 
tetral!n and hydrogen gas in an attciiipt t o  elucidate reasons TI-,,. the observed 
zynerglsin. 
pyrene hydrogenation under the differcnt conditions studied. 

I t  can be seen that pyrene was thcrinal ly  hydrogenated by reaction with hydrogen 
g a s  and  under these conoTtions, i t s  conversion to  dihydropyret-ie was low ( 0 . 6 % ) .  
The extent of hydrogenation M ~ S  increased by tlic addition o f  i r o n  pyrites.  
These findings 2re consistent v4ii.h p cvious rcsul ts  relating conversion in 
pyrene t o  coal mineral matter catalysis ( 2 ) .  

The resul ts  are suiiiii!arized in Table 2 and show the extent o f  
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In an iner t  atmosphere, i n  the presence of t e t r a l i n ,  5.7% of the pyrene was 
hydrogenated. 
te t ra l in  can t ransfer  hydrogen t o  pyrene producing a substantial concentration 
of a more active donor. 
resulted in a s t i l l  greater degree of pyrene hydrogenation which was higher t h a n  
would be predicted from a purely additive effect .  

The foregoing resu l t s  suggest t h a t  there may be several different  mechanisms 
t o  effect  H-transfer i n  systems which contain donors and polyaromatic compounds. 
Some possible a l ternat ives  are  discussed below. 

Neglecting direct interaction of hydrogen gas with coal derived free radicals, 
there appear t o  be four possible routes f o r  H-transfer: 

1) Tetralin t R + Naphthalene + R-H 
2 )  Tetralin t Pyrene + Naphthalene + Dihydropyrene 
3)  Pyrene t H2 + Dihydropyrene 
4) Dihydropyrene i R '  + Pyrene t R-H 

Reaction 1)  i s  the conventionally regarded process of hydrogen transfer 
from a donor. 
promoted by molecular hydrogen. Reaction 3) can occur thermally and i s  
catalyzed by coal mineral matter. 
presumably proceeds a t  a fas te r  rate. 

In pure t e t r a l i n ,  reaction 1) prevails and in pure pyrene, reactions 3)  and 
4 )  take place. 
are possible and on t h i s  basis an explanation for the '?served synergism in 
conversion and for  the reduction in hydrogen transferred from te t ra l in  i s  
proposed. 

The combined effect  of reactions 2 )  and 3 )  i s  t o  generate a higher concentration 
of dihydropyrene than when 3)  alone i s  possible. 
ferred to te t ra l in  as the hydrogen donor since i t  has been shown that  depletion 
of donors i s  essent ia l ly  sequential (1). T h a t  i s ,  until the most active 
donor i s  reduced t o  a low level ,  there i s  l i t t l e  significant contribution 
from the next most l ab i le  hydrogen source. 

The ensuing increase in  di hydropyrene concentration due t o  H-transfer from a 
low concentration of t e t r a l i n ,  especially in the early stages of reaction, 
could account for the observed synergism. I n  addition, some of the net 
hydrogen demand will be met via reaction 3)  which will reduce the amount of 
hydrogen which otherwise would be predominantly supplied by the te t ra l in .  
I t  i s  anticipated tha t  economies in donor concentration and consumption 
observed in these model compound studies would be observed in a process such 
as EDS when operating w i t h  bottoms recycle. 

Th i s  explanation i s  tentat ive and there are  many other factors  which have 

dispersive properties of pyrene and te t ra l in  and the i r  mixtures. 
of these studies shows tha t  there are potential advantages to coal liquefaction 
through an improved understanding of solvent chemisxry which can lead t o  the 
selection and control of solvent composition. 
solvent recycle have already been observed in practice (4 ,  5 ,  6 )  and improve- 
ments such as those found in these model compound mixtures could significantly 
affect the viabi l i ty  of a coal liquefaction process. 

This resu l t  is particularly significant as  i t  establishes that 

The same experiment conducted under molecular hydrogen 

Reaction 2 ) ,  i t  has been shown, can take place thermally and i s  

Reaction 4 )  i s  parallel t o  reaction 1 )  and 

In  pyrene-tetralin mixtures under hydrogen, a l l  four reactions 

Dihydropyrene would be pre- 

n n t  heen Cgziclped, Bmr\n: w h i c h  ?re t h e  differences i n  sn l l lh i l i ty  and 
The outcome 

Some benefits of selected 
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SUMblARY -- 

Studies of coal conversion in mixtures of pyrene, 2-1ncthyl1iajjhtl:al cne ,ind 
te t ra l in  have shown that :  

1 )  Nixtures of pyrene and tetrGlin i n  the presence of Iiydrocjt?n gas have been 
found t o  be syneryistic in coal conversion. A t  t e t r a l in  concentrations 
as low as 15 b i t % ,  the convcrsion was a l w s t  as high as tliet in pure t e t r a l in .  

2 )  There i s  no similar synergistic effect  when 2-nreI;tiylnaphthalene i s  sub- 
s t i tuted for  pyrene. 
be one reason f o r  t h i s  different behavior. 

The ease of reduction of pyrene i s  corisidered t o  

3 )  Nith pyrene-tetra1 in mixtures in kydrogen, the hydrogen supplied by the 
donor a t  a given level of coal conversion i s  considerably reduced. 

4 )  Reactions between pyrene, tetra1 in and hydrogen gas iii the absence of 
coal showed that  pyrene can be hydrogei:t:teti by reaction with n:olect;lar 
hydrogen alone and by t e t r a l in  alone. 
hydrogen, t he  e x i e i i t  o f  pyrene hydrogeiiatlon i s  furtlicr enhanced. 

111 coriihination with Cctralin and 
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Eleriiental Analys is  ( r i1. f . )  

% C  
H 
0 
N 
S 
A s h  

S u i  p h u r  Forms 
P y r i t i c  

Su i  r,i!aLe 
Gr,;;nic 

Total 

'Table 1 

Properties o f  Coals ~ 

F c l l e  Ayr 

72.20 

5.65 
20.56 

1.19 

0.40 
4.50 

0.03 
0.03 
0.35 
0.41 

Mo n t e r ey 

75.18 
5.32 

12.78 

1.38 

4.34 
11.19 

0.68 
0.75 

2.97 
4.40 
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lable  2 

lhcriml Reac t ions  o f  Pyrene, Tei.r~rlin and Hyc!royen 

T ime Teiiip Pressui-e % Pyrene Conversion t o  
s o  1 v t I1 t lz-.A!ins! Log--.- ( P s i g  1 i)ih:/d,.ol?.Y!?S- 

92% Pyrenc/B% ti2 6n 400 1000 2.5 

Pyrene HE G O  400 1000 0.G 

Iron Pyrites 

50:!, Pyrenelletralin Ar. G O  400 1000 5 .7  

502 PyrenelTetralin t i2 60 400 1000 8.6 
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Figure 1 .  Conversion o f  Bel le  Ayr Coal i n  Donor- 
Non-Donor Solvent Mixtures (4OO0C, 
1 hr ,  1000 p s i g )  
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Figure 2 .  Conversion o f  Monterey Coal i n  Donor- 
Non-Donor Solvent Mixtures ( 4 O O 0 C ,  
1 h r ,  1000 ps iq )  
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F igure  3 .  E f f e c t  o f  H2 Pressure on Coal Conversion 
i n  Donor-Non-Donor So lvent  I4i xtures  
(400"C, 1 t i r )  
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Figure  4. E f f e c t  o f  So lvent  and Gas Atmosphere on  Hydrogen Trans fer  
(400"C, 1 hr ,  1000 p s i g )  

93 


